Homochiral-cis-cyclohexa-3,5-diene-1,2-diols are important synthons. We found a way to produce trans-conf igured homochiral diols using recombinant Klebsiella pneumoniae 62-1. 
INTRODUCTION
The use of cyclohexa-3,5-diene-1,2-diols in enantioselective synthesis is a field which has attracted much attention. The diols are synthons which are used in the preparation of homochiral compounds as diverse as enzyme inhibitors, inositol phosphate cell messengers, chiral cyclopentenones for prostaglandin synthesis and complex natural products (Carless, 1992; Brown & Hudlicky, 1993) . The diols are prepared by a biotransformation process starting from the arenes using Psezldomonas putida strains (Gibson, 1970) , and have a cis configuration. Diols with a trans configuration, however, have also been described. They can be obtained from urine after intraperitoneal injection of benzene into rabbits (Jerina e t a/., 1970) . Syntheses of trans-configured racemic mixtures of diols are also known (DeMarinis e t al., 1974; Chiasson & Berchtold, 1974) . In addition, homochiral diols with a trans configuration from a bacterial source have been described. They are metabolites involved in the post-chorismate steps of the shikimate pathway (Young e t al., 1969a, b) . The genes involved in these steps in Abbreviations : 2,3-DH-2,3-DHB, ( +)-trans-(2S,3S)-2,3-dihydroxycyclohexa-4,6-dienecarboxylic acid; 3,4-DH-3,4-DHB, ( -)-trans-(3R,4R)-3,4-dihydroxycyclohexa-l,5-dienecarboxylic acid; EntA, 2,3-dihydroxybenzoate synthase; EntB, isochorismatase; EntC, isochorismate hydroxymutase.
Escberichia coli have been sequenced recently (Schrodt Nahlik e t al., 1989; Ozenberger e t al., 1989) .
Following a previous approach which we used in the bulk preparation of isochorismic acid (Schmidt & Leistner 
1995), we found a way to produce the diols (+)-trans-(2S,3S)-2,3-dihydroxycyclohexa-4,6-diene carboxylic
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On: Mon, 14 Jan 2019 06:30:05 triple mutant (Phe-Trp-Tyr-) blocked in aromatic amino acid biosynthesis (Gibson & Gibson, 1964 derivative of pUC8 in which the p-lactamase gene has been replaced by the kanamycin resistance (Km') gene from Tn903 (Spratt et al., 1986) .
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Construction of plasmids.
The entB gene was generated by PCR using genomic DNA from E. coli MC 41 00 and oligonucleotides (+)CAGGATCCTGAAGGAGAGAACA and (-)GATCT-AGATTATTTCACCTCGCGG. Oligonucleotide sequences were derived from the entB sequence published by Schrodt Nahlik et al. (1989) . PCR conditions: denaturing 5 min (95 "C); 25 cycles [denaturing 30 s (95 "C), annealing 30 s (55 "C), extension 60 s (72 "C)] and 10 cycles in which each extension step increased by 5 s. The resulting entB fragment was isolated by gel electrophoresis and extracted from the gel using a Jetsorb Gel extraction kit. The DNA fragment was cut (BamHI/XbaI) and ligated (Rusche & Flanders, 1985) into vector pIH902 (Lauritzen et al., 1991) . The recombinant was transformed (Nishimura et al., 1991) into E. coli XL1-Blue (Bullock et al., 1987) . Plasmid pRM2-4 was isolated (Jones & Schofield, 1990) and the presence of the desired insert verified.
The entB gene was subsequently ligated into pMalc2 (NEB), a fusion vector which allows the resultant fusion protein to be isolated on an amylose column.
Restriction of pRM2-4 ( Fig. 2 ) with BamHI and subsequent treatment with Klenow enzyme (Klenow & Hennigsen, 1979) in the presence of dATP and dGTP was followed by hydrolysis with HindIII. Restriction of pMalc2 with SalI, treatment with Klenow enzyme in the presence of dCTP and dTTP, restriction with Hind111 and ligation of entB into vector pMalc2 gave plasmid pRM2-5 (Fig. 2) . The polylinker region and the entB gene were sequenced (up to 100 bp) to verify the expected sequence between malE and entB. pRM2-5 was then hydrolysed in the presence of BamHI and HindIII and ligated into pBGS8 (Spratt etal., 1986) . Transformation of the resulting pRM7 ( Fig.  2) into Kpneumoniae 62-1 gave the recombinant strain which has kanamycin resistance. The successful ligation and transformation were verified by restriction site analysis and sequencing.
pRM4, i.e. pBGS8 with entC and entB was constructed from pSMl carrying entC, entB and menD (Fig. 3) . Construction of this plasmid was carried out as part of a project not discussed here. pICS3-02 containing entC was hydrolysed in the presence of BamHI and dephosphorylated. The menD gene (encoding 2-succin~l-6-hydroxy-2,4-cyclohexadiene-1 -carboxylate synthase) was generated by PCR using primers ( + )AGTCTAGAGGAGCGGCAATGTCGTGC and (-)GGCATCAGATCTAAACGCTCACGCTC and cut with XbaI and BglII. Oligonucleotides were based on the sequence of Popp (1989) . entB was generated as described above and cut with XbaI and BamHI. Both menD and entB were ligated into the hydrolysed and dephosphorylated pKS3-02 and the recombinant was transformed into E . coli XL1-Blue. The resulting plasmid, pSMl , was hydrolysed in the presence of XbaI and PstI to remove mcnD from the plasmid. The resulting linear vector was treated with mung bean nuclease and religated. The resulting pRM4 plasmid was transformed into K . pnetlmoniae 62-1. The insert was checked by restriction site analysis.
Media for production of chorismic acid and cyclohexadienes.
Medium A (preculture) contained (1-' ) : Vogel & Bonner's (1956) medium (20 ml), Difco yeast extract (2 g), casamino acids (2 g), L-tryptophan (20 mg). Ten millilitres of a glucose solution (16 O/O, W/V) and 6 ml of a solution of kanamycin (10 mg ml-') were added after sterile filtration. Medium B (production medium) contained (1-l) : Na,HP0,.2H20 (16.05 g), glucose
(18 g), NH4C1 (2.7 g), KH,PO, (1.36 g), MgC1, (2 ml of a 50 mM solution), kanamycin (6 ml of a of 10 mg ml-' solution), L-tryptophan (10 ml of a 10 mM solution), L-phenylalanine (10 ml of a 10 mM solution), L-tyrosine (20 ml of a 5 mM solution) and (NH,),Fe(S04),.6H,0 (1 ml of a solution of 40 mg in 10 ml H,O).
For iron deficiency the iron content of the preculture (medium A) was reduced by 85% by extraction with a solution of 8-hydroxyquinoline in CH,Cl,, whereas the production culture (medium B) contained either 2,2'-dipyridyl (15 mg 1-') or ferrozine (1 ml of a 0.4 M solution 1-' ) and (NH,),Fe(SO,), was omitted.
Growth of producing strains. K. pneumoniae 62-1 or recombinant strains harbouring either pRM7 (with entB) or pRM4 (with entB and entC) were grown in a preculture (300 ml Erlenmeyer flask, 100 ml medium A, 30 "C) on a lab shaker (150 r.p.m.). After 6 h the suspension was centrifuged (0 OC, 3800 r.p.m.), the cells washed (isotonic NaCl solution, 0.9 %) and again centrifuged. The pellet was resuspended in isotonic NaCl solution made up to an OD,,, of 3.35 and 1 1 medium B inoculated with 50 ml of the suspension. Spectroscopy. UV-spectra were taken in H,O on a Uvikon 810/820 spectrophotometer. 'H-NMR-spectra were obtained in D,O on a Bruker 500 MHZ AMX500. 13C-NMR spectra were obtained on the same instrument at 125 MHZ. IR-spectra (KBr) were performed on a Perkin-Elmer infrared spectrophotometer. EI mass spectra were taken on a Kratos spectrometer at 70 eV and an inlet temperature of 200-300 "C. CD-spectra were performed on a Jasco J-720-spectropolarimeter. Optical rotations were measured on a 241 Perkin-Elmer polarimeter.
RESULTS
Effect of iron limitation on metabolites excreted by
K. pneumoniae 62-1 Table 1 shows that isochorismate-metabolizing enzymic activities (EntC, EntB, EntA) which are involved in the biosynthesis of the iron chelator enterobactin were detectable in crude protein preparations from K. pneztmoniae 62-1. These activites were significantly higher than the enzyme activities from E. coli MC 4100. In spite of the relatively high EntC activity, K. pneztmoniae 62-1 excreted chorismic acid (rather than isochorismic acid or a mixture of both isomers) into the culture broth (Fig. 4a) .
In contrast, when K. pneztmoniae 62-1 was grown in the presence of an iron chelator (either dipyridyl or ferrozine), enzyme activites (Table 1 ) and the pattern of compounds excreted into the culture broth (Fig. 4b ) changed dra- matically : no chorismic acid was detected but a compound appeared which was identical (UV, IR, MS, 'H-NMR, CD) with 2,3-DH-2,3-DHB (Young e t al., 196913, c; Beecham e t al., 1971) . The small coupling constants (2 Hz) of protons H, and H, were in agreement with the trans bisequatorial configuration of H, and H, in 2,3-DH-2,3-DHB (the coupling constant is subject to solventdependent variation; see Young e t al., 1969a) (Fig. 4b) shows that up to 120mg 1-1 of the cyclohexadiene accumulates in the culture broth.
Metabolites excreted after transformation with pRM4 harbouring the entC and entB genes
Data presented in Table 1 and Fig. 4 suggested that the excretion pattern encountered during growth in irondeficient medium was due to a dramatic increase in the EntC and EntB enzyme activities. We therefore constructed an overexpression plasmid (pRM4) carrying the entC and entB genes ( Fig. 3 ; see Methods) and transformed K. pneumoniae 62-1 with this plasmid. A time course study (Fig. 4c) showed that both chorismic acid and 2,3-.DH-2,3-DHB appeared in the medium. The recombinant strain grew to a higher density when compared to the untransformed strain grown under iron limitation (Fig.  4b ) and the amount of hexadiene produced was almost doubled.
Metabolites excreted after transformation with pRM7 harbouring entB alone
We have previously shown (Schmidt & Leistner, l995) that K. pneumoniae 62-1 harbouring pBGS8 with entC alone excretes a mixture of chorismic and isochorismic acid. We therefore constructed a plasmid (pRM7) carrying only the entB gene ( Fig. 2 ; see Methods). The plasmid was introduced into K. pneumoniae 62-1 and a time course study was carried out (Fig. 5a ). It was expected that EntB would withdraw isochorismic acid from the chorismic/ isochorismic acid equilibrium resulting again in the appeared with a HPLC retention time of 3-2 min compared with 2.9 min for 2,3-DH-2,3-DHB. To check the proper functioning of the entB gene we used plasmid pRM2-5 (Fig. 2) to isolate an overexpressed MalE/EntB fusion protein which was purified to homogeneity by affinity chromatography on a MalE-binding amylose column (protein fusion and purification system supplied by NEB). Indeed when this fusion protein was incubated with isochorismic acid, 2,3-DH-2,3-DHB was formed, indicating that the entB gene worked perfectly. Subsequently the unknown compound was isolated from the culture broth as described in Methods and found to be identical (UV, MS, IR, 'H-NMR, CD) with 3,4-DH-3,4-D H B (Young e t al., 1969b; Beecham e t al., 1971 --excretion of 2,3-DH-2,3-DHB. This, however, was not observed. In addition to chorismic acid, a compound Finally, we again induced entC and entB transcription by growth under iron deficiency (Fig. 5b) and found as C yclohexadienes expected that 2,3-DH-2,3-DHB was formed. The recombinant strain carrying pRM7, however, being an overproducer (EntB) that grows under iron deprivation, showed reduced growth and the amount of 2,3-DH-2,3-DHB excreted was rather low.
DISCUSSION
The results presented in this paper show that K. pnezlmoniae 62-1 can be employed in the production of cyclohexadiene carboxylic acid trans diols, whereas microbial systems usually produce cis diols. For the production of cis diols, aromatic compounds such as toluene or benzene are used as a starting material. In the present case, however, glucose alone is the substrate. It is for this reason that the K. pnezlmoniae 62-1 system can also be used to generate isotopically labelled metabolites of the shikimate pathway from isotopically labelled glucose. Thus, incubation of recombinant K. pnezlmoniae transformed with pBGS8 carrying the ubiC gene in the presence of [l-13C]glucose gives specifically labelled 4-hydro~y[2,6-~~C] benzoic acid (Muller e t al., 1995) . We have also used pBGS8 carrying entC and K. pnezlmoniae 62-1 to produce "C-labelled isochorismic acid .
The experiments described herein also provide information on the metabolic flux and its regulation in the late steps of the shikimate pathway. Conclusions drawn on regulatory phenomena are usually obtained from the characterization of purified enzymes, but the K. pnezlmoniae 62-1 system provides insight into metabolic processes that take place in vivo. There are two observations reported in this paper which are consistent with the assumption that the intracellular concentration of chorismic acid prevails over isochorismic acid under normal growth conditions. Firstly, an active EntC is detectable in protein extracts from K. pnezlmoniae 62-1 (Table 1 ). In spite of this the bacterium excretes chorismic acid alone but no isochorismic acid. It is known that a recombinant strain of K. pnezlmoniae 62-1 is very well able to excrete significant amounts of isochorismic acid . Thus, lack of isochorismic acid in the medium is not due to a lack of a transport system or to an undetected metabolism of isochorismic acid.
The second observation is related to the experiment in which pBGS8 harbouring entB (encoding isochorismatase) was transformed into K. pnezlmoniae 62-1. In vitro EntB not only converts isochorismic acid to 2,3-DH-2,3-DHB, but also chorismic acid to 3,4-DH-3,4-DHB.
The K , value for isochorismate is 14-7 pM whereas it is much larger (37 mM) for chorismate (Rusnak etal., 1990) . In spite of these kinetic constants the recombinant K. pnezlmoniae 62-1 harbouring entB excretes the metabolic product of chorismic acid (i.e. 3,4-DH-3,4-DHB) rather than the metabolic product of isochorismic acid (i.e. 2,3-DH-2,3-DHB). This may again indicate that the cellular level of chorismate significantly exceeds that of its isomer and suggests that the isochorismate hydroxymutase is relatively inactive in vivo under normal growth conditions. There are two conditions, however, under which the cellular activity of EntC increases significantly : when an overexpressed entC gene is introduced into K. pnezlmoniae 62-1 or when the enterobactin operon is derepressed by iron deficiency. The enterobactin operon contains four genes entC, entE, entB and entA, which are transcriptionally linked and which are under negative control of the ferric uptake regulatory (Fur) protein (Brickman et a/., 1990) . In both cases the activity of EntC increases significantly (see Table 1 ) and leads to a change in the pattern of metabolites excreted by the K. pnezlmoniae 62-1 strain. 2,3-DH-2,3-DHB, a metabolite of isochorismate, appears in the medium, indicating that the metabolic flux is shifted towards isochorismic acid. Thus, in vivo experiments employing K. pneumoniae 62-1 confirm the in vitro data obtained from experiments with E. coli. In both cases the chorismate to isochorismate conversion was shown to be under control of iron.
The fact that 2,3-DH-2,3-DHB is excreted into the medium under iron limitation is also interesting for another reason. Since EntA, the enzyme converting 2,3-DH-2,3-DHB to 2,3-dihydroxybenzoic acid (Fig. l) , is very active (Table l) , one should expect the strain to excrete the benzoic acid rather than the cyclohexadiene. The fact that the cyclohexadiene is excreted could be explained by a limiting intracellular concentration of N A D which is required for the oxidation catalysed by EntA.
